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Neurons are able to maintain membrane potential and synaptic integrity by an 

intricate equilibrium of membrane transporter proteins and ion channels. Two 

membrane proteins of particular importance in the vertebrate retina are the 

excitatory amino acid transporters (EAATs) which are responsible for the re-

uptake of glutamate into both glial and neuronal cells and the sodium potassium 

chloride cotransporters (NKCCs) that are responsible for the uptake of chloride 

ions into the cell.  NKCCs are electro-neutral with the uptake of 2 Cl- coupled to 

an exchange of a potassium and Na+ ion into the cells.  Therefore, there is little 

change of cell membrane potential in the action of NKCCs.   In this study the 

localization and function of EAATs in the distal retina is investigated. Whole cell 

patch clamp recordings in lower vertebrate retina have demonstrated that EAAT2 

is the main synaptic EAATs in rod photoreceptors and it is localized to the axon 
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terminals.  Furthermore, the action of the transporter seems to be modified by 

intracellular calcium concentration. There is also evidence that EAAT2 might be 

regulated by feedback from the neuron network by glycinergic and GABAergic 

mechanisms. The second half of this study investigates expression of NKCCs in 

the retina by western blot analysis and quantitative polymerase chain reaction.  

There are two forms of NKCCs, NKCC1 and NKCC2. NKCC1 is mostly 

expressed in the central nervous system and NKCC2 was thought to only be 

expressed in the kidneys. NKCC1 is responsible for the majority of chloride 

uptake into neuronal and epithelial cells and NKCC1 is expressed in the distal 

retina where photoreceptors synapse on second order horizontal and bipolar 

cells.  This study found the expression of NKCC1 in the distal retina to be 

regulated by temporal light and dark adaptation. Light adaptation increased 

phosphorylated NKCC1 expression (the active form of the cotransporter). The 

increase in NKCC1 expression during light adaptation was modulated by 

dopamine. Specifically, a D1 receptor agonist increased phosphorylated NKCC1 

expression. Dopamine is an essential chemical and receptor known for initiating 

light adaptation in retina.  Finally, an NKCC1 knockout mouse model was 

examined and it revealed that both forms of NKCC are expressed in the 

vertebrate retina.
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Introduction

 

Membrane proteins are essential for the synaptic integrity of neurons. 

They maintain membrane potential and response properties of the cell by 

transporting ions, neurotransmitters and metabolites. Membrane proteins such as 

cell surface receptors include G-protein-protein-coupled-receptors (GPCRs), ion 

channels, and transporters, among others. Approximately one third of all proteins 

in the body are membrane proteins. They are so important to cellular function 

and overall health that they are the target of over 50% of all modern medicinal 

drugs (Overington et al., 2006).  Dysfunction of membrane protein and 

subsequent disease can be due to either increased or loss of function. Diseases 

such as Cystic Fibrosis, several types of epilepsy, cardiac arrhythmias among 

others are the result of ion channel dysfunction. Protein misfolding and 

aggregation can be implicated in diseases such as Alzheimer’s, Parkinson’s, 

Huntington’s Disease and many cancers. Dysfunction and aggregation of 

membrane proteins can lead to a breakdown of cellular function, resulting in 

glutamate excitotoxicty. The process of excitotoxicity refers to an excessive 

activation of amino acid receptors, very often glutamate receptors, ultimately 

leading to neuronal cell death (Mark et al., 2001). Neurological conditions such 

as epilepsy, ischemia, and schizophrenia all implicate glutamate in their 

pathology (Choi et al., 1990, Goff et al, 2001, Chapman 2000). Glutamate is the 
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major excitatory neurotransmitter in the central nervous system, including the 

retina (Meldrum et al., 2000).  The processing and transport of glutamate within a 

neuron is highly organized. Presynaptic cells release glutamate by exocytosis at 

the axon terminal. Post synaptic cells can contain both ionotropic and 

metabotropic glutamate receptors. Glutamatergic interactions are implicated in 

several important processes such as long term plasticity and developmental 

plasticity (Bliss et al., 1993, Cline et al., 2008). Glial cells, and occasionally 

neuronal cells, re-uptake glutamate to prevent excessive activation of post 

synaptic neurons.  

In the vertebrate retina the photo transduction cascade involves a photon 

activating rhodopsin which will in turn trigger a G protein signaling cascade, 

resulting in the closing of cation channels (Baehr et al, 1979, Baylor et al, 1979). 

First order photoreceptors release glutamate in the dark condition to second 

order bipolar cells and horizontal cells (Hagins et al, 1970). Lateral interneurons 

from horizontal cells provide for both local and long range interaction between 

photoreceptors (Gallego, 1970).  Bipolar cells in turn synapse to ganglion cells 

which send action potentials through the optic nerve. Amacrine cells are 

interneurons which integrate and modulate the signal from bipolar cells to 

ganglion cells.  Amacrine and ganglion cells are the only cells in the retina which 

are capable of firing an action potential; all other neuron signaling is graded 

potential (Wu, 2010). The vertical pathway of synaptic transmission is illustrated 

in Figure 1, with glutamate being the major excitatory neurotransmitter.  
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Figure 1. Neurons in the retina use glutamate as the main excitatory 
neurotransmitter. The vertical pathway consists of first order photoreceptors 
releasing glutamate to second order bipolar cells. Bipolar cells synapse to 
ganglion cells which fire action potentials to the optic nerve and the brain. 
Horizontal cells and amacrine cells are the interneurons which modulate and 
integrate local and long range synaptic gain to bipolar and ganglion cells. 
(http://webvision.med.utah.edu/)  

 

This large amount of sustained glutamate release demands a high rate of 

removal and re-uptake of glutamate from the synaptic area to prevent 

excitotoxicty and also to replenish the vesicle pool in the ribbon synapse of 

photoreceptors. Excitatory amino acid transporters (EAATs) are membrane 

proteins that function to maintain extracellular glutamate concentration below 

excitotoxic levels. To date, five sodium-dependent glutamate transporter 

subtypes have been identified and cloned (EAAT1-5) (Arriza et al., 1994.)  

EAAT1 and EAAT2 are distributed abundantly in plasma membranes of 
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astrocytes associated with excitatory synaptic contacts in the CNS (Chaudhry et 

al., 1995, Anderson et al., 2000). EAAT3 and EAAT4 are not found on axons or 

presynaptic terminals of neurons in the CNS but are located predominantly on 

cell bodies and dendrites of neurons. EAAT4 is expressed in cerebellar Purkinje 

cells (Dehnes et al., 1998) and EAAT5 is found specifically in the retina of 

salamander, rats and human species (Arriza et al., 1997, Amara et al., 2002).  

Previous studies have expressed glutamate transporters in Xenopus 

oocytes to determine the mechanism of transporter activation. These studies 

showed that glutamate transport by EAATs is thermodynamically driven by an 

inwardly directed sodium gradient. Activation of the transporter is driven by the 

cotransport of two to three Na+ and one H+  into the cell and the counter transport 

of one K+ out of the cell (Storck et al, 1992, Brew et al., 1987, Eliasof et al., 

1993). The additional current elicited from EAATs during glutamate transport 

arises from a thermodynamically uncoupled anion flux resulting in an inward 

current as seen in Figure 2 (Fairmen et al., 1995, Rowan et al., 2010). It is 

possible to detect glutamate transporter activation by recording membrane 

currents because of this anion flux. The amount of anion flux varies between 

EAAT subtypes (Schwartz et al, 1990, Rowan et al., 2010). 
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Figure 2. Glutamate Transport by EAATs is driven by the sodium gradient. 
Removal of glutamate from the synaptic terminal by EAAT is driven by the 
sodium gradient coupled to co-transport of 1 H+ ion and the counter transport of 
K+. An uncoupled chloride current allows for measurement of activation.               
(Adapted from Rowen et al., 2010.) 

 

The retina, a part of the central nervous system, is an area of high 

metabolic activity and high glutamate movement.  All five subtypes of EAATs 

have been identified in the retina with EAAT2 and EAAT5 localized to synaptic 

areas of photoreceptors, bipolar cells and horizontal cells (Fairmen et al., 1995). 

Immunohistochemistry studies reveal that photoreceptor terminals in salamander 

retina, using a salamander specific antibody for sEAAT2B, co-localize with the 

synaptic vesicle protein SV2 in the outer plexiform layer. This is where 

photoreceptor terminals synapse with bipolar cells, suggesting EAAT2 is 

expressed in photoreceptor terminals (Figure 3).  In the retina EAAT1 is also 

expressed in Mueller cells. EAAT2 is expressed in photoreceptors, bipolar and 

amacrine cells. EAAT3 is expressed in horizontal, amacrine, ganglion and some 

bipolar cell types (Amara et al., 2002).  
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Figure 3. sEAAT2B is expressed in the outer plexiform layer where 
photoreceptors synapse to second order bipolar and horizontal cells (Rowan et 
al., 2010).  
 

EAAT2 plays a critical role in maintaining dark glutamate levels in the 

distal retina and slowing the onset of light evoked responses in horizontal cells 

(Picaud et al., 1995). Cone photoreceptors respond to glutamate with a 

hyperpolarizing response through the activation of a glutamate gated anion 

conductance. This current appears to act as a feedback mechanism to inhibit 

further glutamate release (Picaud et al., 1995). It has been suggested cone-cone 

glutamate spread is mediated by a light response and may mediate a spatially 

distributed feedback loop (Szmajda et al., 2011). In rod photoreceptors a dim 

light evoked GABAergic and glycinergic inhibition with rapid kinetics and a large 

spatial extent, whereas bright light conditions evoked predominantly an EAAT-

mediated inhibition with slow kinetics and a small spatial extent (Ichinose et al., 

2012). A glutamate elicited chloride current with transporter like properties has 

been detected in rod photoreceptors of the salamander retina (Grant et al, 1996); 

however, the extents to which EAATs contribute to rod feedback remain largely 

unknown.  

 The anionic EAAT current is mostly contributed by chloride ions. Both rod 

and cone photoreceptors have a relatively high intracellular chloride 
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concentration (Miller et al., 1983, Satoh et al., 2001). The high intracellular 

chloride concentration is partially maintained by the cation chloride cotransporter 

NKCC1 and NKCC2 (Delpire,  2000).  Recently the properties of the Na+ K+ 2 Cl- 

cotransporters (NKCC1 and NKCC2) in the vertebrate retina have been 

examined (Li et al., 2008).  NKCC1 and NKCC2 are two varieties of this 

membrane protein, encoded by separate genes (Slc12a2 and Slc12a1, 

respectively), so they are not isoforms (SLC12A1 Entrez GeneID 6557, SLC12A2 

Entrez GeneID 6558). Both NKCC1 and NKCC2 exhibit thermodynamically 

coupled uptake of two chloride ions with the exchange of one potassium ion and 

one sodium ion (Lauf et al., 1987). NKCC1 is widely expressed in the CNS, 

whereas NKCC2 is mostly localized to the kidney. Interestingly, expression of 

NKCC1 and NKCC2 are both detected in the vertebrate retina (Dmitriev et al., 

2007, Gavrikov et al., 2006). Both forms of NKCC are localized to the distal retina 

where photoreceptors synapse with second order neurons (Shen et al., 2013). 

The suprachiasmatic nucleus, a region of the CNS involved in control of circadian 

oscillations that receives inputs from the retina, shows differential expression of 

NKCC1 in a circadian pattern (Choi et al., 2008). Changes in intracellular chloride 

concentration by NKCC1 allow the actions of GABA to shift between inhibition 

and excitation rapidly in the suprachiasmatic nucleus (Choi et al., 2008).  In 

photoreceptors, the intracellular chloride concentration is relatively high, 

indicating NKCC expression in the plasma membrane; however the extent of 

differential NKCC expression from light adaptation in the retina has not been 

investigated until recently.  
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Materials and Methods

  

Larval tiger salamanders (Ambystoma tigrinum) were maintained at 

constant temperature (12˚C) with continuous filtration under a 12 hour dark-light 

cycle. All procedures were performed in accordance with the guidelines of the 

National Institutes of Health Guide for the care and use of laboratory animals, 

and approved by the University’s animal care committee.   

Whole Cell Patch Clamp: For the retinal slice preparation, retinal tissue was 

placed on filter papers and were sliced in 250μm sections with a tissue slicer. 

Whole cell patch clamp recordings were obtained from rod photoreceptor cells in 

the retinal slices using an EPC-10 amplifier and HEKA Pulse software. A gravity 

driven perfusion system was used to superfuse the preparation in control and 

drug solutions. To facilitate transporter anionic current from rod photoreceptors, 

the following external control solution was superfused immediately upon whole 

cell configuration (mM): 86 NaCl, 20 TEA, 2.5 KCl, 2 CaCl2, 5 CsCl, 12 HEPES, 

1 MgCl2, and 10 Glucose, (pH= 7.7). To enhance EAAT current, the intracellular 

solution consisted of (mM): 94 CsNO3, 9.4 TEA, 5 ATP, 5 EGTA, and 12 HEPES 

(pH =7.3).  Statistical analysis was generated by SigmaPlot and statistical 

significance was determined by student’s t-test.   

Western Blotting: Retinal tissues were lysed in a 2× Laemmli buffer, and the total 

protein content was obtained from homogenates in the same buffer solution. The 
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solution was heated for 10 min at 90˚C, centrifuged at 2500 rpm for 10 min at     

4˚C, and the supernatant was collected. Protein concentrations were calibrated 

using a BCA Protein Assay Kit (Pierce, Rockford, IL, USA). Equal amounts of 

samples were loaded onto 3–8% tris-acetate gels, and retinal proteins were 

separated by electrophoresis at 100 V for 1.5 h. The proteins were transferred to 

a Hybond-ECL nitrocellulose membrane (GE Healthcare Bio-Sciences Corp., 

Piscataway, NJ, USA), which was then immersed in a block solution with 5% dry 

milk in TBS for 1.5 h at room temperature. pNKCC1 was detected with the R5 

antibody used at a concentration of 1:5000 in 5% milk solution and incubated 

overnight at 4˚C. The β-actin antibody was used as the loading control (1:200 

dilution, overnight incubation at 4˚C). The α-tubulin antibody was also used as 

the loading control (1:500 dilution, overnight incubation at 4˚C). The membranes 

were then washed in a Tris-buffered saline with 0.1% Tween (TBS-T) buffer and 

incubated for 45 min with a secondary antibody (HRP-conjugated goat anti-rabbit 

IgG; 1:5000 or infrared fluorescence IRDye 800CW-conjugated goat anti-rabbit). 

After further washes in TBS-T, positively stained bands were detected by a 

chemiluminescent blot assay with the ECLPlus Western blot reagent (GE 

Healthcare Bio-Sciences Corp) or an Odyssey infrared imaging system (LI-COR 

Biosciences). 

Quantitative RT-PCR: RNA was extracted from salamander retinas collected 

from the animals after either 4 h dark or 4 h light adaptation. It was purified using 

the TRI Reagent solution (Sigma), and quantified by spectrometry. cDNA 

synthesis was performed using the ThermoScript Reverse Transcriptase (15U) 
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and random hexamer primer (50 ng), dNTP (1mM), dithiothreitol (5mM) and 

RNaseOUT (40U; Invitrogen). Real-time PCR was then performed Q15 using 

LightCycler SYBR Green I masterQPCR kit (Roche) on the Stratagene Mx3005P 

QPCR system. The reactions were performed in a 96-well quantitative (Q)PCR 

plate with 20 μL of reaction buffer, containing cDNA (2 μL), forward primer (0.2 

μM), reverse primer (0.2 μM), 1× LightCycler SYBR Green Master Mix and 2mM 

MgCl2. The specific primers for NKCC1 were designed as sense: 5-CGG TGA 

AGT TTG CGT GGA T-3 and anti-sense: 5-CCA CCT CCT CTT ACA AAC CC-3. 

An internal control was provided by the housekeeper gene β-actin, for which the 

sense primers were 5-GTT GCT CCA GAA GAA CAT CC-3 and the anti-sense 

primers were 5-ACC TTC ATA GAT GGG CAC TG-3. The expected length of the 

amplification product was 208 bp and 211 bp for NKCC1 and β-actin, 

respectively. The sequences of NKCC1 and actin are salamander specific, based 

on the information of our cloned sequences of salamander NKCC1 (unpublished 

data) and the salamander database website: Sal-Site. An initial activation for 10 

min at 95˚ C followed by 45 cycles of reactions (each cycle consisting of 20 s at 

95˚ C, 20 s at 50˚ C, and 20 s at 72˚ C). Analyzing the dissociation curves and 

observing the sizes of the PCR products on agarose gels confirmed the 

amplicons. The relative amounts of specifically amplified gene were calculated 

using the comparative ΔCt method, i.e. the number of cycles to reach the 

detection threshold (Livak& Schmittgen, 2001). Briefly, ΔCt values were 

calculated by subtracting the average NKCC1 Ct value from the average β-actin 

Ct value for dark- or light-adapted retinas, and the relative NKCC1 mRNA 
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expression was determined by raising 2 to the power of the negative ΔCt. The 

experiment was repeated three times with RNA isolated from four different 

salamanders (two light-adapted and two dark-adapted retinas). 
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Chapter 1 Activation and Localization of EAAT2 in Rod 
Photoreceptors

 

1.1 A fast depolarization in rod photoreceptors elicits an inward current 

 

Depolarization of a neuron will generally lead to glutamate release at the 

synapse. Glutamate exocytosis at the ribbon synapse is triggered by changes in 

intracellular calcium. Voltage activated calcium channels increase intracellular 

calcium concentration and trigger glutamate vesicle fusion to the membrane. 

Glutamate transport by EAATs and glutamate endocytosis are responsible for the 

re-uptake of glutamate into photoreceptors to prevent excitotoxicity of glutamate 

to second order neurons. It is possible to measure EAAT activity by the 

uncoupled anionic flux across the membrane. This anionic current has been 

identified in rod photoreceptors of the tiger salamander (Grant et al., 1996).  

Whole cell patch clamp is used to record the activity of EAAT after glutamate 

release from rod photoreceptors held at -60 mV. The rods are then depolarized 

by incrementally increasing membrane potential for 2 ms. The inward current that 

follows depends on the voltage of the prepulse step (Figure 4) 
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Figure 4.  Fast Depolarization step elicits an inward anionic current in rod 
photoreceptors. A. Depolarizing the cell at increasing voltage for 2 ms steps 
(prepulse) show transient inward current. B. Bar graph from 8 rod photoreceptors 
shows largest transient inward current following a 2 ms prepulse step at -20 mV.   
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The largest inward current was observed at a prepulse step of -20 mV. This 

membrane potential is where voltage activated calcium channels are mostly 

open. A prepulse step will open voltage activated calcium channels, causing an 

increase in intracellular calcium concentration. An increase in intracellular 

calcium concentration will trigger glutamate vesicle exocytosis at the synapse. 

1.2 The inward current following prepulse step is an EAAT current. 

 

To determine if this current was contributed by the excitatory amino acid 

transporter, pharmacological blockers of EAATs were applied to the preparation. 

These findings suggest that the current can be blocked by inhibiting glutamate 

uptake via EAAT2 by application of 100 μM of the specific glutamate transport 

blocker dihydrokainic acid (DHKA) and also by inhibition of all EAAT subtypes by 

adding100 μM of the broad spectrum glutamate transport blocker DL-threo-beta-

benzyloxyaspartate (TBOA), as shown in figure 5.  
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Figure 5.  Inward current is blocked by inhibition of EAATs.  Application of 100 
μM TBOA and 100 μM DHKA, block the transient inward current following a 
prepulse duration of 2 ms to -20 mV by inhibition broad inhibition of EAATs, 
specifically EAAT2.  
 

These findings suggest the inward current is a glutamate transporter 

current, specifically an EAAT2 current. Glutamate release is triggered by a short 

(2 ms) prepulse to -20 mV.  

 

1.3 DHKA does not change calcium channel activity  

 

To determine if DHKA interacts with the voltage activated calcium channel 

current by itself, whole cell patch clamp recordings were obtained from ganglion 

cells. The current contributed by voltage activated calcium channels can be most 

clearly observed from -35 mV to -15 mV in an IV curve. Ganglion cells do not 

express EAAT2 (Vorwerk et al, 2000). If DHKA were to interact with voltage 

activated calcium channels, there would be a change in the current from -35 to -
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15 mV on the IV curve. The IV curve shows that DHKA does not inhibit voltage 

activated calcium channels, as shown in the black box of Figure 6. This is 

important because if DHKA were to inhibit voltage activated calcium channel 

activity this would lead to inhibition of glutamate vesicle exocytosis at the 

photoreceptor terminal, leading to a false positive effect of DHKA and EAAT2 

inhibition. 

 
 
Figure 6. DHKA does not affect calcium channel activity. IV curve from ganglion 
cells reveals that DHKA does not alter voltage activated calcium channel activity. 
The black box illustrates voltage activated calcium channel activity. Application of 
DHKA does not change the inward calcium current that is seen under control 
conditions. 
 

1.4 Glutamate exocyotsis is required to activate EAAT2 in rod photoreceptors  

 

Alternatively, inhibition of glutamate vesicle exocytosis does eliminate the 

transient inward current observed after a prepulse to -20 mV. Inhibition of voltage 

activated calcium channels is achieved by application of 100 μM cadmium. 

Blocking voltage activated calcium channels will inhibit glutamate vesicle 
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exocytosis at the synapse. If there is no glutamate released at the synapse, the 

transient inward EAAT2 current will not be activated following the prepulse, as 

seen in Figure 7.  

 

Figure 7.  Inhibition of glutamate exocytosis effects EAAT current. Addition of 100 
μM cadmium decreases glutamate exocytosis at the synapse. A 2 ms 
depolarization step to -20 mV, showing EAAT2 is not activated in rod 
photoreceptors following depolarization step (arrow).  
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1.5 EAAT2 is likely localized to rod photoreceptor terminals 

 

Glutamate release occurs at the terminal of rod axons. Recordings were 

made from rods with and without axon terminals to investigate the location of 

EAAT2 on the rod photoreceptors. Lucifer yellow was added to the intracellular 

electrode solution to determine cell morphology after recording. The addition of 

lucifer yellow to the intracellular solution did not change EAAT2 activation with 

the terminal intact (Figure 8A, arrow). Rod photoreceptors with broken terminals 

show no activation of EAAT2 following the depolarizing step (Figure 8).  
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Figure 8. Rod photoreceptors with broken axon terminals do not show EAAT2 
activated current. A. The white arrow indicates an axon terminal in rod 
photoreceptors dialyzed with lucifer yellow. B. Recordings from rods with terminal 
intact elicit EAAT2 current post depolarizing step. C Lucifer yellow dialysis shows 
a broken rod photoreceptor, no terminal is present. D. Recording from rod 
photoreceptors with broken terminal does not activate EAAT2, as shown by the 
black arrow.  
 

The activity of EAAT2 following the depolarization step is localized at the 

terminal of rod photoreceptors. The depolarization step facilitates glutamate 

exocytosis, showing an endogenous response to glutamate release. To further 

confirm that EAAT2 is localized at the terminal of rod photoreceptors, recordings 

were made in the presence of 1 mM glutamate. Exogenous application of 

glutamate in the external solution triggers an inward “glutamate evoked” current 

when the cell is at -60 mV. Whole cell patch clamp recordings were collected in 

the presence of 1 mM glutamate. Recordings taken from rod photoreceptors with 

broken terminals and those with intact terminals show an inward current in the 
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presence of exogenous glutamate (Figure 9).This inward current has been found 

to be an EAAT current (Rowan et al., 2010). Recording from rods with broken 

terminals, that included both 1 mM glutamate and 100 μM DHKA in the external 

solution, show an inward current in response to glutamate. This indicates that 

EAAT2 is localized at the photoreceptor terminal and is not the main contributing 

EAAT subtype to the inward current from exogenous glutamate application.  
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      A.  

 

     B.  

                     

Figure 9.  Rod photoreceptors with intact axon terminals have a glutamate 
activated inward current.  A. Recording from rod photoreceptor with intact 
terminal at -60 mV shows an inward current in the presence of 1 mM glutamate 
in the external solution. B. Recording from rods with broken terminals with 100 
μM DHKA in the solution also reveal an inward current in response to glutamate.  
 

Taken together, these data suggest that EAAT2 is the main EAAT subtype 

at the rod synaptic terminal.  
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1.6 Exogenous glutamate current may be inhibited with EAAT transporter 
inhibitors 

 

  Previous studies investigating EAATs have shown that the inward current 

following application of glutamate is an EAAT current (Rowan et al., 2010, Picaud 

et al., 1995, Devries et al., 2012). Recording from rod photoreceptors with intact 

and broken axon terminals was used to determine how EAATs contribute to the 

glutamate current. The next set of experiments performed was to determine the 

contributions of EAAT2 and EAAT5 to the exogenous glutamate activated inward 

current, as shown in Figure 10.  
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Figure 10.  Glutamate activated inward current is EAAT dependent.                    
A. Application of 1 mM glutamate activated an anionic, inward current. At  arrow 
1, 1 mM glutamate was added to the solution, activating an inward current. Arrow 
2 indicates where 100 μM DHKA and 1 mM glutamate were added to the 
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solution, which does not affect inward current. At arrow three, application of 
TBOA decreases glutamate induced inward current.B. Statistical analysis from 6 
cells indicates that TBOA, but not DHKA inhibits the glutamate activated inward 
current.  
 

The addition of of 1 mM glutamate to the external solution activates an 

inward anionic current to photoreceptors with broken axon terminals. Inhibition of 

EAAT2 does not appear to affect the glutamate evoked current; however, 

inhibition of EAAT5 by TBOA eliminates the current (Figure 10). These data 

further suggest that EAAT2 is the main glutamate transporter at the axon 

terminal of rod photoreceptors.  

The concentration of glutamate was reduced from 1 mM to 500 μM to prevent 

glutamate excitotoxicity.  Addition of 500 μM glutamate still activated an inward 

current, but to a lesser degree (Figure 11).  
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Figure 11.  A lower concentration of glutamate also shows EAAT activated 
current.  A: Application of 500 μM glutamate activates an anionic inward current. 
Arrow 2 indicates were 100 μM DHKA was included in the solution. Arrow 3 
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indicates where glutamate, DHKA, and 100 μM TBOA are present in the solution. 
B: Bar graph of 7 rod photoreceptors show TBOA eliminates glutamate 
transporter current.  
 

 

Discussion  

Depolarization of rod photoreceptors will trigger glutamate release at the 

photoreceptor terminal. These findings suggest endogenous glutamate release at 

the photoreceptor terminal will activate EAAT2. Furthermore, activation of EAAT2 

could be calcium dependent. Rod photoreceptors with broken terminals do not 

have EAAT2 activation following glutamate exocytosis, suggesting EAAT2 is 

localized to rod photoreceptor terminals. Recordings from cells at -60 mV in the 

presence of exogenous glutamate show a glutamate current in cells both with 

and without the terminal, further suggesting that EAAT2 is not a major contributor 

to the glutamate elicited current. Taken together, these data suggest EAAT2 is 

the major synaptic glutamate transporter at the synaptic terminal of rod 

photoreceptors. 
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Chapter 2 Mechanisms of glutamate transport regulation in rod 
photoreceptors

 

2.1. Different concentrations of intracellular calcium may change EAAT2 
activated current  

 

Elevated levels of intracellular calcium promote glutamate vesicle release 

at the photoreceptor terminal. To investigate how increasing levels of intracellular 

calcium would affect EAAT2 activation, both physiological and pharmacological 

techniques were used. Physiological manipulation of calcium was achieved by 

increasing the time of depolarization. The longer the duration of the 

depolarization will lead to a greater amount of intracellular calcium. 

Pharmacological increase of intracellular calcium was possibly achieved by 

decreasing concentration of the calcium chelator, EGTA, in the intracellular 

micropipette solution. Increasing intracellular calcium in rod photoreceptors 

decreases EAAT2 transporter current in both the physiological and 

pharmacological model (Figure 12).   
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 A.  

 

 

B. 

 

Figure 12. Increasing length of the prepulse step affects EAAT2 activation.  A 2 
ms step depolarization shows the largest EAAT2 current, increasing the length of 
the prepulse shows smaller EAAT2 activity. B. Normalized data from 8 rod 
photoreceptors reveal increasing the length of the step diminishes EAAT2 
activation, but not significantly. 
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These data suggest that increasing the time of the prepulse step decrease 

EAAT2 activation. Increasing the length of the depolarization step will possibly 

increase the amount of intracellular calcium by calcium influx through voltage 

activated calcium channels. To examine if EAAT2 could be regulated by 

intracellular calcium concentration, the calcium chelator EGTA concentration was 

reduced in the intracellular solution, therefore possibly allowing a greater 

concentration of free calcium in the photoreceptor terminal (Figure 13).  
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  A.                    

 

   B. 

 

Figure 13.  Changing intracellular calcium chelator concentration may affect 
EAAT2 activity, increasing EGTA concentration in the intracellular pipette 
solution may increase EAAT2 activation. A. Recording from rod photoreceptor 
with 0.5 mM EGTA in intracellular pipette solution lowers EAAT2 current 
following prepulse step at depolarizing potentials. B. Bar graphs from 6 
photoreceptors depolarized at varying potentials for 2 ms show increasing 
intracellular EGTA concentration increases EAAT2 activity.  
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These results may indicate decreasing available free calcium in rod 

photoreceptors increases EAAT2 activity following the prepulse step, suggesting 

EAAT2 could be regulated by changes in free calcium concentration in rod 

photoreceptors. These data suggest the larger amount of glutamate released 

lowers EAAT2 activation, possibly allowing for a greater amount of glutamate in 

the synaptic cleft to activate bipolar cells.  

2.2 Inhibition of endocytosis may affect EAAT activity 

 

Another mechanism of glutamate retrieval following glutamate exocytosis 

is the phenomenon known as endocystosis. Rod photoreceptors can undergo 

glutamate retrieval by clathrin mediated endocytosis. Salamander rod 

photoreceptors, but not cone photoreceptors, have been demonstrated to use 

clathrin dependent endocytosis. This process can be pharmacologicaly inhibited 

by application of the dynanamin GTPase inhibitor dynasore, as demonstrated 

from membrane capacitance recordings (Van Hook et al., 2012).  Capacitance 

recordings allow for the measurement of charge over area and application of 

dynasore decreased endocytosis associated changes in membrane capacitance.  

The process of clathrin mediated endocytosis internalizes glutamate by 

mechanisms involving inward budding of coated plasma membrane vesicles 

mediated by clathrin.  To examine how endocytosis contributes to glutamate re-

uptake in photoreceptors, the pharmacological drug dynasore was used. 

Dynasore inhibits the protein dynamin, an essential component of clathrin 

mediated endocytosis, and has been shown to be an effective inhibitor of 

endocytosis in rod, but not cone photoreceptors (Van Hook et al., 2012).  
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Application of 100 μM dynasore was applied to the external solution to determine 

if inhibition of clathrin mediated endocytosis would affect the synaptic EAAT 

glutamate transport (Figure 14). 

 

 

Figure 14.  Application of 100 uM dynasore does not affect synaptic EAAT2 
transporter current.  Application of 100 μM dynasore does not change the 
prepuse activated transporter current recording from 6 rod photoreceptors.  
 

Inhibition of glutamate endocytosis did not appear to change EAAT2 transporter 

kinetics in the 6 cells that were tested. Next, 100 μM dynasore was added to the 

external solution to examine if inhibition of endocytosis would affect glutamate 

transporter activation in the presence of exogenous glutamate (Figure 15).  
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Figure 15.  Inhibiting clathrin mediated endocytosis may change EAAT current in 
rod photoreceptors. A. An inward EAAT current in rod photoreceptors is activated 
by 500 µM glutamate when the cell is at -60 mV(arrow 1).  Co-application of     
500 µM glutamate and 100 µM dynasore may increase the EAAT activated 
current (arrow 2). B. Bar graph from recordings of 6 rod photoreceptor cells 
appear to show a significant increase in EAAT current with 100 µM dynasore.    
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These data indicate that clearance of exogenous added glutamate could 

partially be mediated by clathrin dependent endocytosis. Inhibition of endocytosis 

by the drug dynasore increases EAAT activity, possibly to compensate for loss of 

endocytosis and to maintain integrity of the synapse. Inhibition of endocytosis 

does not change EAAT2 kinetics following rapid depolarization. Results from 

these experiments indicate that EAAT2 could be largely responsible for 

glutamate retrieval in the synaptic cleft of rod photoreceptors.  

2.3 Glycinergic and GABAergic feedback on the EAAT2 transporter  

 

In the retina there are feedback loops in the circuitry so the neurons can 

interact laterally within the same layer. Recently, it has been shown that 

salamander retina interplexiform cells have a glycinergic feedback loop that 

regulates the transmission of glutamatergic signals between photoreceptors and 

second order neurons.  These findings suggest glycine signaling enhances 

synaptic gain to the second order bipolar cells (Jiang et al., 2014). A possible 

mechanism for this enhanced gain to bipolar cells could be changes in EAAT2 

activity. If EAAT2 activity is changed, the actions of glutamate in the synaptic 

cleft could enhance the gain to bipolar cells. To determine if this is a possible 

mechanism, 50 µM glycine was applied to the external solution and EAAT2 was 

activated by the prepulse step (Figure 16). 
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Figure 16.  Glycine suppresses glutamate uptake via EAAT2. A. 50 μM glycine 
suppresses the EAAT2 current. B. DHKA completely blocked the glycine 
suppression of EAAT2 current. C. Strychnine, an inhibitor of glycine receptors, 
blocked glycine suppression of EAAT2 on rod photoreceptors. D. Bar graphs 
show statistical analysis illustrating average suppression of EAAT2 current in rod 
photoreceptors.  
 

Figure 16 suggests the actions of glycine on glutamate uptake in rods may 

enhance the glutamate concentration in the synaptic cleft,  therefore increasing 

glutamate mediated activation of bipolar cells.  These data indicate the 

mechanism of glycine enhancement of synaptic gain to bipolar cells is by 

reducing EAAT2 activity, increasing glutamate concentration in the synaptic cleft. 

The mechanism of glycinergic feedback is therefore not due to an increase in 

glutamate release, but reduced clearance of glutamate in the synaptic cleft of the 
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rod and cone photoreceptors. Other feedback mechanisms also will change 

synaptic gain to 2nd order neurons.  Horizontal cells project laterally to the 

photoreceptors in the retina, and have been thought to be mostly inhibitory.  In 

the salamander retina, horizontal cells have been shown to be GABAergic and a 

recent study has demonstrated that horizontal cells can generate a positive 

feedback to cones, elevating intracellular Ca2+ and accelerating neurotransmitter 

release (Jackman et al., 2011). Cone photoreceptors express EAAT2 and EAAT 

can be activated by a prepulse step (Rowan et al., 2011, Jiang et al., 2013). 

Cone photoreceptors, which are partially sensitive to DHKA, display a large 

inward current after depolarization, and are also modified by glycine release 

(Jiang et al., 2013). To investigate the actions of GABA and EAAT2 activation, 

100 μM GABA was added to the solution. The application of GABA reduces 

EAAT current (Figure 17).  
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 Figure 17. Application of GABA reduces EAAT2 current in cone photoreceptors. 
Application of100 µM GABA decreases inward transient current following the 
prepulse step in cone photoreceptors. 
 

The EAAT generated current is activated following a prepulse step in cone 

photoreceptors. This current is noticeably larger than in rod photoreceptors, 

suggesting a contribution of both EAAT2 and EAAT5. A possibility to explain the 

reduced glutamate transporter activity are the actions of GABA on voltage 

activated calcium channels that changes intracellular calcium concentration and 

glutamate vesicle exocytosis. Previous studies have shown that the actions of 

GABA can regulate calcium influx in neurons (Shen et al., 1999). It is possible 

that GABA affects glutamate exocytosis and consequently changes transporter 

activation.  
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2.4 EAAT2 activation does not run down during the recording period 

 

Rundown happens when the current decreases during the recording period. To 

verify that the decrease in EAAT activity is that of the drug and not rundown, a 

depolarization step was applied both immediately after breaking in and after 7 

minutes of holding the cell at -60 mV (Figure 18).   

 

Figure 18. Rod photoreceptors do not run down EAAT2 activity during recording. 
A rod photoreceptor after 0.5 minutes (red) and 7 minutes (blue) of breaking into 
the cell display similar EAAT2 activity. 
 

The figure above indicates that the data obtained from the drug interactions 

within rod photoreceptors are not from run down during the recording, but the 

response to the drugs applied to the external solution.  

 

Discussion:  

The activation of EAAT2 is tightly controlled by local glutamate release at the 

photoreceptor terminal. Internal calcium levels can affect the action of EAAT2 in 
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rod terminals. This study finds that glycine could modulate EAAT2 activity in rod 

photoreceptors, decreasing EAAT2 activity which results in higher glutamate 

levels in the synaptic cleft that can activate bipolar cells. GABA can modulate 

EAAT2 activity in cones, also increasing the glutamate concentration in the 

synaptic area. GABA has been found to change both L and N type calcium 

channel activation in the retina, and both types of calcium channels have been 

identified in cone photoreceptors (Shen et al., 1999). The mechanism by which 

GABA reduces EAAT2 activity could be mediated by calcium channel activity 

changing glutamate exocytosis at the synapse. Further research is needed to 

fully elucidate the mechanisms of glutamate transporter activation.  
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Chapter 3 NKCC expression in the vertebrate retina

 

3.1 NKCC is expressed in lower vertebrate retina 

 

NKCC is found both in the cytosol and plasma membranes of cells in both 

the inactive and active (phosphorylated) forms (Haas et al., 1998).  When 

activated, pNKCC is localized to the plasma membrane where it is responsible 

for Cl- uptake.  A phospho specific antibody (R5) raised against a 

diphosphopeptide containing Thr212 and Thr217 in human NKCC has been 

previously shown to be specific for phosphorylated NKCC1 and NKCC2 

(Flemmer et al., 2002, Giménez et al, 2005). Western blot analysis using the R5 

antibody shows pNKCC in both salamander and mice (Figure 19).  

 

Figure 19. Western blot analysis shows salamander retina contains NKCC. The 
phospho specific NKCC antibody recognizes the 160 kDa pNKCC protein in both 
mouse brain and retina samples, as well as salamander retina at the predicted 
molecular weight of NKCC. 
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3.2 NKCC Expression is regulated by light adaptation 

 

Retinal responses in the vertebrate retina are not determined by a 

circadian clock; however, they are dependent on the adaptive state of the retina. 

In the suprachaismatic nucleus, an area of the brain which receives synaptic 

input from the retina, the expression pattern of NKCC changes according to the 

circadian clock (Choi et al., 2008).Quantitative RT-PCR using specific primers 

designed for NKCC1 was utilized to investigate NKCC1 mRNA regulation by light 

adaptation (Figure 20).  

 

 

 

Figure 20. Quantitive RT-PCR shows NKCC1 mRNA expression is increased 
during light adaptation. A. RT-PCR products show NKCC1 and beta-actin mRNA 
at the predicted band size on a gel electrophoresis. B. Quantitative RT-PCR 
reveals light adaptation increases NKCC1 mRNA.  
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Both the products from the RT-PCR and quantitative RT-PCR show that NKCC1 

mRNA increases during light adaptation.  Western blot analysis was used to 

investigate light adaptation and pNKCC (active NKCC) expression (Figure 21).  

 

              

 

 

Figure 21 Light adaptation increases phosphorylated NKCC expression A. 
western blot analysis using R5 antibody shows light increases pNKCC. B. 
Statistical analysis from 17 different samples show light increases active pNKCC 
by 50%. All calculations were normalized to beta-actin.  
 

3.3 Mechanism of increased NKCC expression is likely through dopamingeric 
signaling 

 

Dopamine concentration in the retina increases during light adaptation 

(Ribelayga et al, 2002, Witkovsky, 2004). To determine a possible mechanism by 

which pNKCC expression increases, dark adapted retinas were excised and 

exposed to either 500 μM dopamine or 100 μM SKF 38393, a D1 receptor 

agonist (Figure 22).  
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Figure 22. pNKCC expression increases during dopamine treatment. A. Western 
blot of pNKCC in salamander retinas treated with 500 μM dopamine or the 
specific D1 receptor agonist SKF 38393. B. Bar graphs from the western blotting 
results show relative increases in pNKCC levels induced by dopamine and the 
D1 receptor agonist SKF 38393 compared with the untreated retina (n = 11, p < 
0.001).  
 

NKCC expression increased in response to light exposure and to both dopamine 

and the D1 receptor agonist. This suggests dopamine and the D1 receptor 

agonist mimicked the effects of light adaption by increasing pNKCC protein 

levels. It appears that dopamine activated cAMP intracellular pathways promote 

phosphorylation of NKCC and/or increase insertion of the transporter into the 

plasma membrane.  
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3.4 NKCC1 and NKCC2 are both expressed in mammalian retina 

 

Both NKCC1 and NKCC2 are expressed in the vertebrate retina (Gavrikov 

et al., 2006). The R5 antibody specific for the active form of NKCC has been 

shown to be nonspecific for both NKCC1 and NKCC2. NKCC1 and NKCC2 share 

around 60% sequence homology, therefore, it is possible to create a knock out 

model to express only 1 form of NKCC (Markadieu et al., 2014).  A knock out 

mouse model was created by deletion of exon 9 of the NKCC1 gene (Delpire et 

al., 1999). Western blot analysis was used to determine if the heterozygous 

NKCC1 knock out would compensate for the mutant NKCC1 (Figure 23).  
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Figure 23. NKCC1 knockout mice express NKCC2. NKCC1 knockout mice 
express NKCC2 in the retina, as detected by R5 antibody. Wild type, 
heterozygous, and homozygous NKCC1 knockout mice express active NKCCs 
as detected by R5 antibody.  
 

The results, as shown in Figure 23, indicate that both mutant NKCC1 mice 

express pNKCCs, even possible NCCs as well,  detected with the R5 antibody, 

indicating that NKCC1 mutant mice may compensate for the NKCC1 deletion. 

To determine if a knock out mouse retina was a true knock out, an 

antibody for the specific gene NKCC1 was used (C14, Santa Cruz). The C14 

antibody is an affinity-purified polyclonal goat anti-NKCC1 raised against a 10-25 
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aa immunizing antigenic peptide mapping between amino acids residues 990-

1025 of human NKCC1 (Hengl et al, 2010).  The results are shown in Figure 24. 

 

 

Figure 24. Western Blot analysis detects NKCC1 specific protein in NKCC1 
knockout mouse. Western blot showing NKCC1 expression in wild type and 
NKCC1-/-  mouse tissue.  
 

Figure 24 show the specificity of this antibody may be specific for NKCC1 

because only NKCC2 is expressed in the kidney and this antibody doesn’t detect 

NKCC1 in wild type mouse kidney.  It is possible that this antibody may not be 

specific for  NKCC1  in the knock out mouse as there appears to be a very small 

band at the predicted molecular weight of 160 kDa in the NKCC1-/- mouse retina.  

This mouse model will be utilized in future studies.  
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Discussion 

The sodium potassium chloride cotransporter exists in two forms encoded by 

two different genes and both forms of NKCC are expressed in both salamander 

and mouse retinas. In the salamander retina, NKCC1 mRNA increased during 

light adaptation and phosphorylated NKCC expression also increased. The 

mechanism of up regulation from light adaptation is likely to be through 

intracellular cAMP pathways activated by dopamine. This study is the first to 

show that NKCC expression in the retina changes during light adaptation.  In an 

NKCC1 knockout mouse model, it appears that NKCC2 is expressed to 

compensate for significantly reduced NKCC1 protein expression (Figures 23 and 

24). Future studies utilizing the knockout mouse model can provide insight into 

the mechanisms of NKCC regulation.  
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